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Abstract 
This paper investigates resistance to hypervelocity penetration of one new ceramic composite of B4C-CaB6 system with significantly 
improved strength characteristics and its correlation to hardness measurements and structure state. Tendency to breakage and 
fragmentation of CaB6 in a contact loading zone under indenter facilitates formation of a core from fractured and powdered material, the 
densification of which during penetration leads to high penetration work and high resistance against penetration. Penetration resistance for 
each from 3 selected ceramic compositions and different B4C ceramic with porosity up to 30 % were calculated and used for a direct 
analysis of influence of the basic properties of a composite on the penetration resistance. Different components of penetration resistance 
were estimated and compared for compositions with different mechanical properties and structure. The analysis of influence of free 
carbon in B4C-CaB6 system on formation of its properties was performed in relation to its hardness and penetration resistance. Sintered 
ceramic has extremely high macrohardness (HVP=200N, 300N ~ 25 GPa) and, correspondingly, resistance to hypervelocity penetration, and is 
promising for application as an armour material. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society.  
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1. Introduction 
The aim of this research was to optimize structure and physico-mechanical properties of lightweight ceramic composites 
with high resistance to penetration. Earlier we demonstrated advantages of combining components with high and low levels 
of fracture deformation [1]. Within this approach ceramic composite of B4C-CaB6 system appears promising for protective 
applications. Reactive sintering (reactive hot pressing) of boron carbide, the most attractive armour material, using cheap 
raw material  calcite CaCO3 at lower sintering temperatures (below 2000 ) makes possible synthesis of B4C-CaB6 
composite with enhanced strength properties.  
The optimum structure of lightweight brittle impact resistant composites was determined on the basis of computer 
modeling of penetration resistance. Penetration resistance of lightweight brittle composites was analyzed using the results of 
recent studies of brittle material response to penetration of long rods [1-4]. Penetration depth was determined with new 
ballistic equations for eroding projectiles which are modification of equations [5]. The modified equations employ 
rheological ratios for porous and powder compressed materials for fractured material [1,2,4] instead of the Coulomb-Mohr 
law [6]. This allowed replace internal friction coefficient in the Coulomb-Mohr law, which is difficult to determine, with a 
more natural parameter  porosity of comminuted material, which can be calculated. 
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2. Material sintering, its structure and main mechanical properties 
B4C-CaB6 ceramic composite was sintered by hot pressing in graphite molds at ~ 2150 C and 30 MPa. Boron carbide 
powder contained free carbon up to 4 5 vol.%. Presence of free carbon provided reduction of oxide admixtures in charge, 
activated sintering and affected mechanical properties of ceramics. Elastic properties of sintered samples were calculated from 
measured density, longitudinal vl and transversal vt sound velocities [7, 8]. Density accuracy was 10-4 for 10 g samples. 
B4C-CaB6 system ceramics (see Table 1) had approximately same density 2.52  2.54 g/cm3 independent from the 
composition (with the exception of BCT1, BCT2 samples), which, taking into account 1  2% TiB2 admixture, corresponds 
to virtually zero-porosity state, as well as roughly same bending strength 420  425 MPa. This may be caused by practically 
identical density of components and closeness of their elastic characteristics.  
                                           Table 1. Charge composition, density and bending strength of B4C-CaB6-TiB2 system ceramics. 
Specimen 
Composition (vol. %) 
Density, g/cm3 
Strength, 
MPa B4C CaB6 TiB2 
BC1 100   2.54 420 
BC2 90 10  2.57 380 
BC3 80 20  2.52 425 
BC4 70 30  2.54 420 
BC5 60 40  2.52 425 
BCT1 63 27 10 2.73 425 
BCT2 56 24 20 2.92 496 
 
Typical structure of B4C-CaB6 ceramics is shown in Fig. 1. Ceramics of BC1 sample (without CaB6) had grain size up to 20-25 
, and heterophase B4C  CaB6 . Lesser grain size was due to inhibited recrystallization of B4C 
during sintering in presence of borides. Dark areas in pictures correspond to free carbon sites (Fig. 1b), sometimes to sites of 
induced surface porosity (with pore sizes ~ 0.5 5 lapping during diamond finishing. These areas are localized 
mainly along boundaries of grains of main phases. X-ray analysis shows presence of B4C, CaB6, free C (up to 4 vol.%) and 
titanium boride (2-3 vol.%). 
(a)    (b)  
Fig. 1. Structure of B4C  CaB6 ceramics: ) 70% B4C  30% CaB6; b) 80% B4C  20% CaB6. 
B4C ceramics sintered by the suggested process and without free carbon has Young modulus 450 GPa (see Table 2), 
while modulus of BC1 sample ceramics is only 400 GPa. This reduction is caused by the presence of free carbon and its 
localization along grain boundaries of main components (Fig. 1b). Introduction of CaB6 leads to further decrease in Young 
modulus which may be caused by the increase of ceramics imperfection (due to some microcracking). TiB2 addition 
expectedly increases Young modulus because of its higher elastic characteristics, which, however, remains lower than 
theoretical for B4C-CaB6-TiB2 composites. Thus, synthesized materials are characterized by lesser stiffness than monophase 
B4C ceramics. 
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Vickers hardness was measured at indenter loadings from 2 to 300 N. In all cases formation of radial and lateral cracks 
was observed. At high loads their intersection led to large-scale spalling. In a monophase B4C ceramics without free carbon 
such spalling makes hardness measurements impossible at loads higher than 50 N. In ceramics containing free carbon spall 
formation is sharply reduced because of micro-cracking under loading, which makes possible measurements at loads of 200-
300 N. 
                                                               Table 2. Elastic characteristics of B4C-CaB6-TiB2 ceramics. 
Specimen 
Elastic characteristics 
l, m/s t, m/s , GPa G, GPa B, GPa  
BC-1 12936.9 8210.1 399.62 171.83 197.54 0.163 
BC-4 12808.1 7822.3 373.26 155.19 209.15 0.203 
BCT-1 12633.5 7819.4 396.42 166.63 212.79 0.189 
BCT-2 12618.4 7964.7 433.32 185.36 218.10 0.169 
 
Our approach predicts that the higher is the range of loads when hardness measurement is possible and the higher is the 
hardness at maximum load, then the higher will be ceramics resistance to penetration. In this case ceramics based on B4C 
containing free carbon has more potential as an armor material than the monophase one. 
Dependence of heterophase ceramics hardness HV on the load shows maximum at loads of 10 50 N with decrease not 
only at higher loads but with the sharp fall with load reduction to 2 N (Fig. 2a). Such behavior is typical for heterophase 
ceramic materials where micro-cracking takes place during indenter penetration [9,10]. B4C-CaB6 system ceramics has 
significantly higher hardness HV at high loads (Fig. 2b) than B4C and B4C-CaB6-TiB2 ceramics. This we associate with the 
increase in work of compaction of powdered fragmented material in the fracture core under contact area. Table 3 presents 
experimentally measured Meyer hardness  and stress under one-axis compression YS and tension f . 
 
( )   (b)  
Fig. 2.  HV of BCT1 and BCT2 vs. load (a), and HV vs. CaB6 content at loads 2 and 200 N (b). 
It is well-known [11] that the hardness of elastic-plastic materials, seen as a characteristic of material resistance to shape 
change (deformation), is measured at considerable loads on the indenter. A well developed area of plastic deformations is 
formed under it, which either coincides with or exceeds contact area at the surface. Similarly, Meyer hardness HM of brittle 
materials under consideration, seen as a strength resistance of material to fracture, is measured at high loads (200  300 N) 
when zone of fractured and compacted material formed under indenter coincides at the surface with the contact area (for 
details see [1], where different cases of such zones are analyzed). In this case HM = *, where *  normal compressive 
stress at the interface between compacted comminuted material 3) and cracked material 2) (see Fig. 4, eq. (7) and [1]). 
Stress * depends on elastic characteristics, tensile f and compressive YS strengths of initial brittle material and, therefore, 
is its characteristic (see (7) and [1]). Static component Rt of penetration resistance (see Eq. (13)) depends on material 
properties and is proportional to ( *) = HM (i.e. hardness) with a coefficient * 1k . This coefficient is determined by 
stress-strain state in zone 3) at the contact surface of penetrator. This is the cause why increase in hardness leads to increase 
in penetration resistance Rt. In more detail this is discussed in section 3.3. Strength YS is found by hardness  according to 
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method from [1]. Statistical method [12] based on measurement of hardness and lengths of surface radial cracks formed at 
indentation is applied to definition of tensile strength f. Strength f is supposed to be equal to the stress at which radial 
cracks in a vicinity of a print are stopped in the field of tensile surface stresses. For brittle materials ratio f /YS is small. 
Both stiff ceramics BCT1 and BCT2 have lower macrohardness, which characterizes ceramics resistance to fracture during 
indentation as compared to B4C-CaB6 ceramics. The latter ceramics has hi f  and compression 
YS determining its resistance to penetration.  
The advantages of new composite material are evident in Fig. 3 in HM/E-YS /E coordinates (see [1]), where points present 
experimental data for typical ceramic materials. B4C-CaB6 composite ceramics consists from strong B4C) and weak
(CaB6) components and this leads to activation of new mechanism of energy dissipation (compaction of comminuted 
material) during projectile penetration. Such a composite has mechanical properties considerably higher than those of its 
constituents. Thus, compressive contact strength of B4C-CaB6 composite is 6.25 GPa, while it is about 0.9 
component 6 and 2.2 GPa  4 .  
                                         Table 3. Hardness HM f and compression YS of B4C-CaB6 and B4C-CaB6-TiB2  
Specimen 
Composition (vol. %) Elastic and strength characteristics 
B4C TiB2 CaB6 Load, N E, GPa  HM, GPa f, GPa YS, GPa 
BC-4 60 0 40 
200 373.26 0.203 27.48 0.58 6.91 
300 373.26 0.203 26.03 0.60 6.24 
BCT-1 63 10 27 
200 396.42 0.189 22.50 0.60 4.58 
300 396.42 0.189 20.69 0.55 3.97 
BCT-2 56 20 24 
200 433.32 0.169 20.53 0.55 3.66 
300 433.32 0.169 23.09 0.51 4.54 
 
 
Fig. 3. Relation between HM/E and YS /E for starting components and B4C+CaB6 composite. 
3. Modeling of penetration resistance 
3.1. Modified ballistic equations for eroding projectiles 
Penetration is described by modification (adaptation) of the model [5] where the static component of penetration 
resistance Rt is determined from spherical cavity expansion model for brittle material with porosity [2, 4]. Fig. 4 shows a 
schematic penetration into a target and model parameters: L, d, v  length, diameter and velocity of rod solid part, a  cavity 
radius, u  contact surface velocity, P  penetration depth. The morphology of material in a front of the projectile after 
fracture is illustrated in Fig. 4, where b and c are also model parameters. 
The model assumes [2,4] that in front of the projectile three zones with different stress-strain states of material are 
formed: 1) elastic region x > c (volumetric strain e = 0); 2) dilatation and pore formation (radially cracked) region b < x < c 
(e > 0); 3) comminuted (pulverized) region a < x < b (e < 0). These zones are separated by fracture fronts. Material of 
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Mescall zone 3) is formed at the boundary r = b where material of zone 2) is comminuted by shearing stresses and 
compacted. Zones 1) and 2) are separated by the front r = c where material of zone 1) is fractured by tensile stresses.
Fig. 4. Scheme of penetration of eroding projectile into target and response regions around cavity at a a1. At a < a1 elastic indentation.
The Cauchy problem for the ballistics equations of long rods penetrating into elastic-brittle targets with porosity 0 are
formulated by analogy with [5]:
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with unknowns u, a, v, L, P, functions of time t, and initial conditions at t = 0:
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Notations accepted in (1)-(9): VS  is the impact velocity; t = t1 is the moment of time of transition from elastic penetration 
to penetration into fractured medium; , p are the densities of target and projectile respectively; S is the density of zero-
porosity target material; f is the tensile strength of target material depending on porosity 0; E,  are the 
and Poisson's ratio of initial material with porosity (damage) 0; fS, YS, KS, GS are the tensile strength, strength at uniaxial 
compression, modules of uniform compression and shearing of zero-porosity material; k is the porosity of material in zone 
3); ek is the volumetric strain of material in zone 3) at r = b  0; Cc = (E/ 1/2 is the velocity of longitudinal waves in zone 2); 
* < 0 is the normal stress at r = b; *, ec are the porosity and volumetric strain of material in zone 2) at r = b + 0; e is the 
jump of volumetric deformation at r = b. Stress * is the characteristic of a material since it depends on its initial material 
properties only.  
Parameters E,  for (7) can be determined by formulas [13]: 
 2 1 ,E G   3 2 ,
2 3
K G
K G
  201 ,SG G   0 3
0 0
31 1 .
1 4 1S SK K G
 (10) 
Formulas accounting for a shape of pores (damage) can be used for dependences of E,  and f on porosity (damage). 
Equations (1), ( 2 ), (3), (4) coincide with the corresponding equations of the model [5], the others are different because for 
a comminuted material of zone 3) and at r = b rheological ratios for porous and powder compressed materials [2,4,13] are 
used instead of the Coulomb-Mohr law [6].  
Resistance Rt for a > a1 is determined using the concepts of mechanics of compressible porous and powder materials in 
region 3), see Fig. 4 and [2, 4], and section 3.3. Radius a  [a0;a1] corresponds to elastic penetration and a > a1 corresponds 
to penetration into fractured material, where a1 is found from the continuity condition of Rt at the boundary a = a1 at  t = t1:  
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a E
,  a1 =  a(t1), (11) 
i.e. the time moment t = t1 is found by the numerical integration of equations (1) to (4). 
3.2. Ballistics equations of non-eroding projectiles 
Non-eroding (elastic) projectile velocity u(t) is defined by the ballistic equation [3]: 
 
2
2 t
du du um A P B P C P R
dt dt
,  u (0) = VS,  (12) 
where the coefficients A, B, C depend on projectile shape and penetration depth P; m is the projectile mass,  = S(1  0) is 
the target density, VS is the impact velocity. Three zones with different stress-strain states of material as in the case of 
eroding projectile (see Fig. 4) are formed in front of non-eroding projectile. 
3.3. Penetration resistance and its structure 
Equations of motion for projectiles (1), (2), and (12) have clear mechanical sense and allow determining structure of 
target penetration resistance, i. e. contact pressure pc at target-projectile boundary. The left part of equation (1) determines 
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total target resistance pc to penetration of eroding projectile: values *0.5 d au dt , 20.5 u , and Rt are respectively 
dynamic, kinematic and static components of this resistance. Similarly, for non-eroding projectile (see Eq. (12)) the 
dynamic, kinematic and static components are A P C P du dt , 20.5B P C P u , and Rt, respectively.  
The dynamic component is significant at initial and final stages of penetration when projectile decelerates. The kinematic 
component dominates during static (or steady) stage of penetration with almost constant velocity. The static component Rt 
depends mainly on target material properties: static penetration starts when pressure at the boundary projectile-target 
exceeds this resistance. For eroding projectiles Rt is time dependent (see (5), (6)). However, because of a short duration of 
transitional stage in the beginning of impact, this resistance is discussed at the much longer stage of steady penetration, i. e. 
at t >> t1. At this stage, Rt components for eroding and non-eroding projectiles are almost identical, independent of time, and 
are defined by the model of cavity expansion [2, 4] in infinite medium of brittle material. Thus, in accordance with [2, 4]: 
 ** ktR ,     
3 *
*
*
23 11
2
fa e
b E
, (13) 
where stress * is the solution of equation (7), and in accordance with energy losses for elastic deformation, fracture and 
compaction of comminuted material, Rt has the following structure   
 Rt = Rte + Rtf + Rtc, (14) 
where components are defined by formulas, which directly follow from [2]: 
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 Rtc = Rt  Rte  Rtf,  23 1 2 6 1 2 4.5 1p k p k pg . (16) 
Values E,  and Ep, p are calculated, respectively, at  = 0 and  = k by formulas (10).  
The analysis of formula (13) shows, that penetration resistance Rt depends on following values: porosity (damage) 0, 
elastic characteristics E  and strength characteristics YS, f (their ratio f /YS) of composite. These values are determined 
experimentally (see section 2). Rt is proportional to hardness *HM  (see section 2) with proportionality coefficient 
* 1k , where value * = (a/b)3 is determined by the size of cavity and Mescall zone 3) (see Fig.4 and Eq. (13)). Porosity 
* 1k  is found from Eq. (8) and it is the porosity of Mescall zone material (for details see [2, 4]). Thus, from (13) 
follows that penetration resistance Rt increases with growth of material hardness.  
4. Results and Discussions 
The developed approach was applied to the analysis of B4C-CaB6, B4C-CaB6-TiB2 and B4C+VB2 composites and 
ceramics B4C. Equation (13) allowed direct analysis of influence of the main properties of a composite on penetration 
resistance component Rt.  
Calculated components of Rt spent, respectively, on elastic deformation Rte, fracture Rtf and compaction Rtc of 
comminuted material are shown at Figures 5, 6. Table 4 gives data for a number of ceramics B4C, B4C-CaB6-TiB2 system, 
and close to those B4C+VB2 composite, which provide an illustration for possible data scattering. Measurements of 
composites 1 3 were carried out at loadings 200  300 N.  
For ceramics B-D hardness measurements could be done only at not too high loadings on indenter and values of strength 
for them are overvalued if compared with other materials (1-4, 8). It was found out that in case of single phase boron 
carbide with low amount of free carbon (<1 %) and low porosity (<2 %) hardness measurements are possible at loadings not 
more than 5 kg (ceramics  at loading 10  
                                        Table 4. Properties of initial materials for calculations  
N Materials 3 E, GPa  f, MPa Ys, GPa 
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1 B4C+40%CaB6 (300N)a 2.54 373.3 0.203 577.2 6.91 
2 BCT-1 90(B4C+30%CaB6)+10TiB2 (300N) 2.73 396.4 0.189 599.6 4.58 
3 BCT-2 80(B4C+30%CaB6)+20TiB2 (300N) 2.92 433.3 0.169 551.8 3.66 
4 (A) B4C (200-300 N) 2.54 399.6 0.163 800.0 3.03 
5 (B) B4C (50 N)b 2.46 440.8 0.185 1040.0 6.18 
6 (C) B4C+VB2 (500 N) 2.7 465.0 0.187 1200.0 3.07 
a) Loading on indenter at which strength characteristics were defined.  
b) Overestimated strength of ceramic specimen 5 compared to specimens 1-4, 6 are the consequence of low ultimate loads 
on indenter when hardness measurements are still possible.  
 
Insufficiently high loading on indenter leads to overestimated magnitudes of measured strength characteristics and 
further to overestimated value of static component of projectile penetration resistance Rt. In high strength heterophase 
ceramics B4C+VB2 (C ceramics) hardness can be measured at loads up to 500 N. Hardness values are rather moderate (18 
GPa) if compare it at low loadings. Properties of this ceramic can be compared with ceramics for which hardness is also 
measured at rather high loadings  free~ 4%) and with a level of 
hardness at loadings 200-300 N at an order of 16 GPa, as well as with ceramics 1-3 and C. Thus, ceramic 1 (B4 6) has 
t high (200-300 N) loading on indenter, that is maximum for the currently investigated B4C 
based ceramics, and, therefore, high compressive strength. Results of calculations of penetration resistance parameters for 
the B4C+40%vol.CaB6 composite are given in Table 5 and Figs. 5-8. 
                                        Table 5. Calculated properties and parameters vs. porosity 0 for the composite B4C+40%vol.CaB6 
0 * *, GPa k ek a/b Rt, GPa Rtc, GPa Rte, GPa Rtf, GPa 
0.0 0.044 -20.57 9.1·10-5 -0.098 0.66 20.57 7.80 10.47 2.31 
0.01 0.051 -18.97 9.2·10-3 -0.091 0.65 19.20 7.28 9.76 2.15 
0.02 0.058 -17.56 1.85·10-2 -0.085 0.64 18.0 6.86 9.13 2.01 
0.03 0.065 -16.32 2.78·10-2 -0.080 0.62 16.98 6.51 8.57 1.89 
0.04 0.073 -15.23 3.73·10-2 -0.076 0.61 16.09 6.23 8.07 1.79 
0.05 0.081 -14.26 4.68·10-2 -0.072 0.60 15.32 6.01 7.62 1.69 
0.1 0.124 -10.73 9.51·10-2 -0.057 0.56 12.64 5.37 5.94 1.33 
0.2 0.217 -6.86 19.34·10-2 -0.043 0.52 10.05 5.10 4.04 0.91 
0.3 0.313 -4.69 29.26·10-2 -0.036 0.49 8.71 5.12 2.94 0.66 
 
Calculations show that the highest Rt in a broad interval of porosities is for B4C-CaB6 ceramics. B4C+VB2 (C) ceramic 
with high stiffness (high Young s modulus) and strength (bending strength 650 MPa) at the same time has Rt almost 
coinciding with that for B4C + free C ( ) ceramic with lowered stiffness and not so high strength characteristics. However, 
these ceramics are characterized by close levels of macrohardness and contact strength, which in case of  is a 
result of a tendency to microcracking in a fracture core with subsequent densification at penetration. For ceramics B values 
Rt are overestimated (Fig. 7) due to hardness measurement at insufficiently high indenter loads.  
The results of calculations show high level of penetration resistance for the investigated compositions. With a growth of 
porosity the elastic component of resistance quickly degrades and to lesser extent so components associated with 
compaction and fracture. It can be noticed that the component associated with compaction can grow starting from the 
porosity volume fraction of about 10%. This effect is more pronounced on less strong ceramics. From the comparison of 
penetration resistance of B4C ceramic and B4C+40%vol.CaB6 composite in Fig. 5 it can be noticed that the strength of dense 
ceramic is achieved in the composite at porosities of about 10% which can be used as a resource for weight reduction and 
technology optimization. 
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Fig. 5. Dependencies of penetration resistance and its components on initial porosity 0. 
       
     
     
Fig. 8. Dependence of penetration depth P, cavity radius a/a0 and penetration velocity u from time for model tungsten projectile and composite B4C-40%vol.CaB6. 
Calculation (Fig. 8) of a model rod penetration (d =0.75 mm, L = 50 mm, tungsten, 2500 m/s) in the most strong B4C-
40%vol.CaB6 composite demonstrated high penetration resistance of this material. Projectile is strongly decelerated and 
consumed in surface layer up to 8 mm. This deceleration is caused by sharp increase of penetration resistance at initial stage 
of penetration. This increase is due to time lag before target material develops sufficient damage and penetration becomes 
inelastic. 
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Fig. 6. Resistance Rt and its components of BCT-1 composite vs. 0. Fig. 7. Resistance Rt of B4C-based ceramics (see Table 4) vs. 0. 
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5. Conclusion 
Samples of B4C ceramic and ceramics of the systems B4C-CaB6 (with 10-60 vol.% 6) and B4C-CaB6-TiB2 (10 and 20 
vol.% TiB2) were produced by the method of hot pressing. All samples have free carbon in the amount of up to 4 vol.%.  
Bending strength of the produced materials was found to be almost constant (420-425 MPa) and increases in ceramics 
with 20% TiB2 up to 500 MPa. Strength stability of B4C-CaB6 ceramics is associated with the closeness of elastic 
characteristics of the main ceramic components as well as closeness of their structural state (grain size of phases, presence 
of free carbon in grain boundary areas, low level of thermal stresses). 
Measurements of elastic characteristics of ceramics showed that presence of free carbon in ceramic decreases 
modulus (material stiffness) up to 400 GPa and 370 GPa in B4C and B4C-CaB6 ceramics, respectively. Introduction of 
additional quantity of TiB2 GPa, but nevertheless its value is considerably lower than 
expected for given compound s moduli of components exceed 450 GPa). 
Ceramics macrohardness measured at loadings 200-300 N, showed strong dependence on phase composition and 
structural state of ceramics. In B4C based ceramics without free carbon hardness at loadings above 50 N cannot be measured 
on residual prints due to intensive fracture in the area of indentation. In the same ceramics but with free carbon, the decrease 
of fracture tendency enables to measure macrohardness (load 200 N), which was found to be at the level of 16 GPa. The 
introduction of CaB6 is accompanied by macrohardness  = 27 GPa in a broad interval of its 
content. The introduction of additional amounts of TiB2 leads to increase of ceramics stiffness (and bending strength), 
however it is followed by the fall of macrohardness down to 18-20 GPa. The observed structural sensitivity of 
macrohardness can be explained as a result of changing of contributions of macro- and microcracking in the area of 
indentation print. 
Calculation of ceramics contact strength characteristics showed their highest values for bi-phase system B4C-CaB6 and 
high potential of this ceramic as a material with high resistance against penetration at impact. 
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